Two methods, based on analysis of the polymerase chain reaction-amplified 16S rRNA gene by restriction enzyme analysis (REA) 
Mycobacterium paratuberculosis could not be distinguished from each other by REA but were differentiated by cycle sequencing. Compared with traditional typing, both methods allowed rapid and more accurate identification of acid-fast organisms recovered from 21 specimens of bovine and badger origin. Two groups of isolates were not typed definitively by either molecular method. One group of four isolates may constitute a new species phylogenetically very closely related to Mycobacterium simiae. The remaining unidentified isolates (three badger and one bovine) had identical restriction enzyme profiles and shared 100%o nucleotide identity over the sequenced signature region. This nucleotide sequence most closely resembled the data base sequence of Mycobacterium senegaknse.
Intradermal tuberculin tests are currently used for diagnosing bovine tuberculosis. These tests, however, have limited specificity. Mycobacteria, both saprophytes and opportunistic pathogens, are ubiquitous in the environment and may complicate the immunodiagnosis of Mycobacterium bovis infection in cattle. For example, Mycobacterium cookii, isolated from sphagnum mosses, can sensitize cattle to the bovine tuberculin used in the field diagnostic test (14) . Culture of mycobacteria from postmortem specimens of tuberculin-reacting cattle is therefore often employed to support diagnosis.
Some laboratories may limit identification of mycobacteria to colony and organism morphology, together with growth characteristics on solid and in liquid media. Biochemical typing is commonly employed for species identification but is time-consuming and is unable to differentiate some closely related species (9, 11) . Other methods, such as thin-layer and capillary gas-liquid chromatography, can be used, but supplementary biochemical tests may be required to identify some species (12) , and application of pyrolysis gas chromatography-mass spectrometry has permitted recognition only of groups of mycobacterial species (10) .
Nucleic acid technologies offer perhaps the best potential for rapid and definitive identification of mycobacteria, as well as enabling determination of evolutionary relationships between and within different species. Typing methods based on the polymerase chain reaction (PCR) amplification of specific genes such as the 16S rRNA gene, a gene present in all prokaryotes, and the 65-kDa gene combined with molec-* Corresponding author. ular analyses of the PCR products have been evaluated for differentiation and identification of mycobacterial species (1, 17, 19, 21) . These methods, however, have not been utilized for the identification of mycobacteria isolated from veterinary specimens.
For practical identification of Mycobacterium species and discrimination from Actinobacillus species isolated from clinical specimens in a veterinary mycobacteriology laboratory, we have investigated PCR amplification of the 16S rRNA gene and its subsequent analysis by restriction endonuclease (RE) digestion. We have also developed a novel typing method for mycobacterial species based on direct cycle sequencing of a region within the highly conserved 16S rRNA gene which shows intertypic variability. A comparison of both molecular methods and traditional phenotypic typing was carried out. from M. scrofulaceum. The observed RE profiles of the Actinobacillus species were in accordance with the predicted profiles and, with the exception of the MboI profile, could clearly be differentiated from those of the mycobacterial species. HhaI proved to be the most discriminating enzyme (Fig. 1) , generating 7 different profiles for the 15 mycobacterial species considered. MspI (Fig. 2) and ThaI both produced five patterns, and MboI generated four profiles.
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( (Fig. 1, lane 7) , and with MspI, the predicted band of 204 bp was replaced with an observed band of 281 bp (Fig. 2, lane 9) . The loss of a restriction site adjacent to the 204-bp fragment which generates a fragment of 80 bp may account for this.
Identification of acid-fast field isolates. (i) Culture characteristics. "Cording," characteristic of virulent strains of tubercle complex mycobacteria (13) , was observed in BAC-TEC 7H12 cultures of 6 of 18 bovine tissue specimens (A, E, K, L, P, and R) and from three badger feces specimens (S, T, and U) ( those of type cultures allowed definitive identification of acid-fast isolates in 13 of 18 bovine specimens (see Table 1 ). Four bovine field isolates (C, G, J, and Q) had profiles which, for all enzymes considered, closely resembled those of M. simiae. With reference to sequence data bases, DNA sequencing confirmed that isolates C, J, and Q most closely resembled M. simiae, displaying 96.9% sequence identity over 96 bp (E. coli 16S rRNA gene nucleotide positions 127 to 231) (Fig. 3) (Fig. 3) . Isolate I was identified as M. fortuitum by traditional testing.
Comparison of molecular and traditional typing procedures. Traditional identification did not strictly agree with the molecular typing of any of the isolates (Table 1) . Isolates A, D, N, and 0, identified as M. terrae, and isolate F, identified as M. fortuitum (a fast grower) by traditional typing, were identified as M. nonchromogenicum (a slow grower) by both molecular typing methods (the type culture of M. nonchromogenicum was not available and therefore the RE profiles of the acid-fast isolates recovered from the specimens had to be compared with RE profiles generated from predicted bands sizes). Four isolates (B, K, M, and Q) were typed as M. avium or M. intracellulare by traditional procedures. The molecular typing methods identified isolate M as M. avium, isolate B as M. paratuberculosis, isolate K as a mixed culture of M. avium or M. paratuberculosis and M. nonchromogenicum, and isolate Q as most closely related to M. simiae from comparison with sequence data bases. Isolates C and J were identified as MAIS, and isolate G was identified as M. gordonae by traditional typing, although RE profiles of isolates C, G, J, and Q were distinguishable from the type cultures of the MAIS complex and from M. gordonae. Traditional phenotyping identified isolates E and H as M. kansasii. Neither molecular method, however, could differentiate between M. gastri and M. kansasii; consequently, traditional typing proved to be more discriminatory for these isolates.
Comparison of REA and DNA sequencing. The identifications made by the two molecular typing systems were in close agreement. DNA sequencing was able to differentiate between M. avium and M. paratuberculosis and between M. gastri and M. szulgai, whereas REA could not. REA, however, enabled the identification of two species, M. avium or M. paratuberculosis and M. nonchromogenicum, in Middlebrook 7H9 culture of specimen K, whereas the DNA sequence obtained from this culture was unreadable. DISCUSSION Two molecular methods, REA and direct cycle sequencing of the 16S rRNA gene, were developed as practical diagnostic procedures for the identification of mycobacterial species. The 16S rRNA gene was chosen because it appears that, with the exception of M. gordonae (7) and M. intracellulare (2), the unique sequence differences within the 16S rRNA gene can be ascribed to either species or subspecies level. REA of the 65-kDa gene of slowly growing mycobacterial species has been performed (17) . However, the 65-kDa protein-encoding gene displays microheterogeneity within mycobacterial species (17) To be of practical routine diagnostic value, molecular methodologies require simplification, and this was a major consideration throughout the study. Potential contamination associated with the PCR was minimized, and sample preparation was simplified by a one-step extraction of DNA. Purification of the PCR products was made simpler and safer by using a commercial kit. Direct DNA cycle sequencing proved to be simpler and required smaller amounts of template DNA than other methods of direct sequencing (3, 22) , and Vent (exo-) DNA polymerase displays a higher fidelity of nucleotide incorporation than Taq polymerase.
Both of the molecular typing methods were more accurate and rapid than traditional typing. REA and direct cycle sequencing methodologies can provide a result within 48 and 72 h, respectively, whereas identification of mycobacterial species by conventional methodologies may require at least 1 month (11) . Cording in BACTEC 7H12 media initially appeared to have value as a presumptive indicator of the presence of tubercle complex mycobacteria. However, tubercle complex-specific PCR confirmed the presence of tubercle complex species in only three of nine cultures in which cording was detected. One such culture (specimen E) was identified as M. kansasii by traditional typing and by both molecular typing methods. Cording has previously been associated with M. kansasii (6, 23) , although the microscopic morphology of these cords differs from the serpentine cord formation of M. bovis. Cording has also been noted in cultures of Mycobactenum phlei, M. terrae (18) , and M. fortuitum (6) (14, 15) . Interestingly, in this study, M. nonchromogenicum and M. kansasii were isolated from specimens of cattle recorded positive in the skin test. These species may have been responsible for the positive skin test, but it is also possible that the cattle may have been harboring M. bovis in sites that are not routinely examined for the presence of M. bovis.
REA of the PCR-amplified 16S rRNA sequences proved to be technically simpler than direct sequencing, but manual analysis of the data was laborious. Accurate quantitative analysis of RE profiles, however, could be automated. Image analysis of the RE profiles revealed that precise determination of band sizes necessitates the presence of molecular weight markers in every lane of the gel to accommodate for "frowning" and "smiling." Plikaytis and colleagues included two molecular weight standards in each gel lane in their study (17) , but this may be insufficient if frowning or smiling occur in localized regions of the gel.
Anomalies apparent between observed and predicted RE profiles indicated the need to generate a reference data bank of actual profiles for known mycobacterial species and subspecies. Actual HhaI, MspI, ThaI, and MboI RE profiles were determined for 15 mycobacterial species and for Actinobacillus species, since these acid-fast organisms may also be recovered from animals.
Direct cycle sequencing was more discriminatory than REA and required significantly less DNA, and analysis of the sequence information was simpler. Cycle sequencing, however, could not identify species present in a mixed culture such as that of specimen K. Again, there is a need to establish a data bank of reference sequences for identified species.
Although 8 of 21 MOTTs could not be definitely identified by either molecular method, these isolates were believed to represent only two species or subspecies for which no reference sequence was available. Three isolates (C, J, and Q) were genetically most closely related to M. simiae by both methods and may represent a new species. Isolate G differed from isolates C, J, and Q at one nucleotide, therefore possibly representing a subspecies (2a) . Identification of new species or subspecies by molecular methods obviously requires augmentation by other tests, since 16S rRNA sequence information cannot be the only criterion on which species definition is based (5, 16) . Four other isolates, most closely related to M. senegalense by DNA sequencing, were thought to belong to the M. fortuitum complex (2a), whereas traditional typing classified three of these isolates as belonging to the MAIS complex. Telenti and colleagues were also unable to identify some isolates by REA of the 65-kDa protein gene because the profiles were not present in the reference algorithm (21) .
There is an obvious need for accurate identification of mycobacterial isolates from cattle being tested for tuberculosis, particularly during the final stages of eradication programs, since some MOTTs have the potential to induce positive reactions to the intradermal skin test. This study indicated that while the accuracy of traditional typing may be adequate for the confirmation of tubercle complex mycobacteria, it is insufficient for the reliable identification of
